Bendamustine is a bifunctional alkylating agent with some efficacy in the treatment of newly diagnosed and relapsed/refractory multiple myeloma (MM). Everolimus, an mammalian target of rapamycin (mTOR) inhibitor, is a additional promising chemotherapeutic agent that has efficacy in a variety of cancers. We investigated the individual and combinational cytotoxic effects of these drugs in MM cell lines (RPMI8226 and MM1.S) and primary MM cells. Our results demonstrated a synergistic effect of these drugs, which was effective for both p53-wild-type and p-53-deleted MM cells, but was minimal in mononuclear cells from a healthy donor. Combination treatment with the two agents inhibited proliferation and promoted cytotoxicity and apoptosis as assessed by Annexin-V/PI staining, caspase-3 degradation, and PARP cleavage. Cell death was associated with the up-regulation of the pro-apoptotic protein Bax and the down-regulation of the anti-apoptotic proteins Mcl-1 and survivin. The combination drug treatment also promoted a decrease in the levels of the downstream target proteins of the mTOR pathway, p70s6k, and 4EBP-1, as well as an increase in the level of phosphorylation of the tumor suppressor protein p53 in MM1.S cells. p21 was also down-regulated upon treatment with the two drugs, suggesting a mechanism of sensitization through the release of cell cycle arrest. Our results demonstrate a network of regulatory factors that may contribute to the synergistic cytotoxicity of everolimus and bendamustine, and provide a rationale for application for the combinatorial treatment of MM with alkylating agents and mTOR inhibitors in future clinical practice.
Introduction
Multiple myeloma (MM) is a malignant tumor with clonal proliferation of plasma cells. MM comprises 10% -15% of all hematologic malignancies and 1% of all forms of cancer. The incidence of MM follows that of leukemia and lymphoma among hematologic malignances [1] . In recent years, there has been a significant improvement in the survival of MM patients due to the introduction of autologous stem cell transplantation and novel therapies [2] . However, MM remains as an incurable disease, primarily due to drug resistance. Therefore, the development of new drugs and new treatment options is imperative for improving the prognosis of patients with MM.
The clinical application of bendamustine in the treatment of MM and related cancers has been an increasing area of focus over the past decade. This bifunctional agent combines both alkylating and anti-metabolic properties [3] . As a result of its dual characteristics, bendamustine can overcome resistance to general alkylating agents to provide an alternative method to enhance anti-tumor activity [4] . Bendamustine induces G2 arrest mediated by ataxia -telangiectasia mutated (ATM), checkpoint kinase 2 (Chk2), and cell division control 2 (Cdc2); and also induces p53-mediated apoptosis in myeloma cell lines [5] . Bendamustine was originally synthesized at Jena University in Germany in 1963. Multiple clinical trials confirm that this bifunctional alkylating agent has anti-tumor activity in MM, Hodgkin's lymphoma, non-Hodgkin's lymphoma, and breast cancer [6] [7] [8] [9] . A Phase III clinical trial indicated that treatment of bendamustine plus prednisone in patients with newly diagnosed MM leads to superior complete response rate and has a more lasting effect as compared with treatment with melphalan plus prednisone [7] . However, for relapsed/refractory MM, the event-free survival and overall survival times are short with bendamustine monotherapy. A clinical trial of refractory/relapsed MM patients showed that treatment with bendamustine monotherapy achieves a median survival time of 17.5 months [10] . Furthermore, a subsequent clinical trial reported that relapsed MM patients who were administered high-dose bendamustine monotherapy had a median progression-free survival of 26 weeks [11] . We suggest that the efficacy of bendamustine might be strengthened by combination chemotherapy treatment to prolong the survival time of MM patients.
Currently, mammalian target of rapamycin, mTOR, is a major focus in cancer therapy research, and, therefore, we considered this pathway as a possible target for a combination therapy with bendamustine. Studies have reported that mTOR inhibitors have anti-tumor activity against prostate, brain, pancreatic, and breast cancers, as well as some types of leukemias and lymphomas, including MM [12] [13] [14] [15] [16] . mTOR is a serine/threonine kinase that is a downstream target of phosphatidylinositol 3 kinase (PI3K) and protein kinase B (AKT/PKB). mTOR plays a vital role in cell survival and proliferation. Activation of the PI3K-Akt-mTOR pathway induces mTOR phosphorylation, which activates two important downstream target proteins: eukaryocyte initiation factor 4E-binding protein 1 (4EBP-1) and ribosomal protein S6 kinase (s6k). Consequently, this activation induces an increase in mRNA translation and cap-dependent protein synthesis, thus promoting cell growth and inhibiting apoptosis [17] . Everolimus, an mTOR inhibitor, blocks protein translation related to cell survival and cell proliferation by binding with mTOR. In 2009, everolimus was formally approved for use in the USA for advanced renal cancer by the Food and Drug Administration (FDA).
Recent studies have demonstrated that the tumor suppressor protein p53 is an additional upstream regulator of the mTOR pathway, and also regulates another central cell growth pathway, the insulin-like growth factor/protein kinase B pathway [18] . In response to stress, p53 transcribes a group of critical negative regulators in these two pathways, including the insulin-like growth factor-binding protein 3 (IGF-BP3), phosphatase and tensin homolog (PTEN), and sestrin1/2, which leads to a reduction in the activities of the two pathways. Bendamustine is similar to other alkylating agents in that it can damage DNA to induce activation of p53 [18] . The cross-regulation between p53 and mTOR signaling provides additional insight for combining bendamustine and mTOR inhibitors. Based on the strong rationale generated by these observations, we determined the combined effects of bendamustine and everolimus against cultured and primary MM cells, including cells that express wild-type and mutant/deleted p53. Furthermore, we elucidated the mechanism of signaling that regulates the synergistic effects to provide a theoretical basis for combining bendamustine and everolimus in clinical trials.
Materials and Methods

Reagents and antibodies
Bendamustine was purchased from Sigma-Aldrich (St Louis, USA). Everolimus was kindly provided by Novartis Pharma AG (Basel, Switzerland). Both bendamustine and everolimus were dissolved in dimethylsulfoxide (DMSO; Sigma). Bendamustine was stored in aliquots at 2808C, and everolimus was stored in aliquots at 2208C, as recommended by the manufacturers. Antibodies against caspase-3 and poly (ADP)-ribose polymerase (PARP) were obtained from BD Biosciences (San Diego, USA). Antibodies against Bim, Bax, XIAP, Survivin, s6k, Phospho-p70s6k (Thr389), Phospho-4EBP-1 (Ser65), p53, p21, and Phospho-p53 (Ser15) were from Cell Signaling Technology (Beverly, USA). Antibodies against Bcl-XL and Mcl-1 were from Santa Cruz Biotechnology (Santa Cruz, USA). Antibodies against Bcl-2 were from Upstate Technology (Lake Placid, USA). Mouse monoclonal antibody against b-actin was from Sigma-Aldrich. Anti-mouse IgG and anti-rabbit IgG horseradish peroxidase (HRP)-conjugated antibodies were from Pierce Biotechnology (Rockford, USA).
Cells and cell culture
The dexamethasone-sensitive MM1.S human MM cell line was kindly provided by Professor Steven Rosen (Northwestern University, Chicago, USA). The RPMI8226 cell line was purchased from The American Type Culture Collection (Rockville, USA). Both cell lines were cultured in RPMI 1640 (Hyclone, Logan, USA), supplemented with 10% fetal bovine serum (FBS; Hyclone), at 378C in 5% CO 2 . MM1.S cells have wild-type form of the tumor suppressor gene p53 [19] , whereas RPMI8226 cells harbor a mutant form of p53 [20] . The bendamustine and everolimus aliquots were thawed and diluted in corresponding medium just before addition to cell cultures.
Clinical samples
Six MM patients who had met the clinical criteria of MM in the First Affiliated Hospital of Sun Yat-sen University (Guangzhou, China) were recruited, subsequent to obtaining informed consent in accordance with the institutional guidelines and the Declaration of Helsinki principles. The patients included four males and two females with an average age of 54 years (range 40-61). The diagnosis and Durie -Salmon staging of the six patients were IgA-l IIIA, IgG-k IIA, IgA-l IIIB, k light chain IIIB, l light chain IIIA, and IgG-k IIIA, respectively. The median MM cell ratio was 54.5% (range 36%-91%). Patient 1 had been exposed to traditional therapy (vincristine þ doxorubicin þ dexamethasone VAD protocol) and developed VAD protocol resistance. Patient 2 had been exposed to bortezomib and developed bortezomib resistance. Patient 4 is p53-deleted as analyzed by fluorescence in situ hybridization, whereas the others are not diagnosed with p53 deletion. One healthy volunteer was enrolled as control.
Primary cells from MM patients
Bone marrow samples were obtained from the MM patients. Mononuclear cells were isolated by Histopaque gradient centrifugation (density 1.077; Sigma-Aldrich). Contaminating red cells were lysed in 0.8% ammonium chloride solution for 5 min. After washing, cells were suspended in RPMI 1640 supplemented with 12% FBS.
Cell proliferation assays
The CCK-8 assay (Cell counting kit-8; Dojindo Molecular Technologies, Inc. Shanghai, China) was used to evaluate the effects of bendamustine and everolimus on MM cell viability. The assay was performed according to the manufacturer's recommendations. Briefly, cells were seeded in triplicate in 96-well plates (Corning, Steuben County, USA) and incubated in the presence of different concentrations of reagents for 48 h. Four hours before culture termination, 10 ml of CCK-8 solution was added to the culture. Absorbance or optical density was read on a 96-well plate reader at a wavelength of 450 nm. Data from cell proliferation experiments were expressed as percentage of cell proliferation in untreated cells. The bendamustine concentration resulting in 50% inhibition of cell growth (IC 50 ) was determined by curve fitting to a dose-response curve.
Trypan blue staining MM cells were cultured at 2 Â 10 5 cells/ml in 12-well plates, and then cells were treated with increasing concentrations of bendamustine, everolimus, or a combination of the two drugs for 48 h at 378C. Viable and dead cells were assessed by counting with a hemocytometer after trypan blue staining.
Combination index determination
Combinations of the two drugs were prepared using serial fixed-ratio dilutions. Cell proliferation assays were performed using the CCK-8 assay described above. The effects of combination drug treatment were estimated using CalcuSyn software, as described previously [21] . The combination index (CI) was the ratio of the combinational concentration to the sum of the single-agent concentration at an isoeffective level. CI , 0.9 indicates synergy; CI . 1.1, antagonism; and 0.9 CI 1.1, additivity.
Cell apoptosis assays Cells (4 Â 10 5 /ml) were incubated with vehicle control (0.1% DMSO), bendamustine, everolimus, or a combination of the two drugs in 6-well plates for 48 h. Apoptosis was measured by Annexin-V/PI staining using the Annexin-V-FITC kit according to the instruction of the manufacturer (Sigma-Aldrich), and analyzed using a FACSCalibur flow cytometer (BD Biosciences) [22] .
Western blot analysis
The whole cells were lysed in radioimmunoprecipitation assay buffer [1 Â phosphate-buffered saline (PBS), 1% NP40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS)], and supplemented with freshly added 10 mmol/l b-glycerophosphate, 1 mmol/l sodium orthovanadate, 10 mmol/l NaF, 1 mmol/l phenylmethylsulfonyl fluoride, and 1 Â Roche Complete Mini Protease Inhibitor Cocktail (Roche, Basel, Switzerland) [23] on ice for 30 min. Equal volumes of lysate were electrophoresed with SDSpolyacrylamide gels (8%-12%) and electrotransferred to nitrocellulose filters. The filters were blocked in PBS containing 5% skimmed milk and incubated with the primary antibody at 48C overnight, and then incubated with the secondary HRP-conjugated antibody. Protein expression was assessed by enhanced chemiluminescence system. An antib-actin monoclonal antibody was used as an internal control.
Statistical analysis
Data are expressed as mean + standard deviation (SD) for three replicates. SPSS Version 16.0 software (SPSS Software, Munich, Germany) was used to perform the statistical analysis. Student's t-test was used for combination drug treatment. P , 0.05 was considered to be statistically significant.
Results
Effects on proliferation following single drug treatment of MM cells lines with bendamustine or everolimus To provide a basis for the use of bendamustine and everolimus as potential combinatorial chemotherapeutic agents against MM, we first investigated the inhibitory effect of these drugs individually on the proliferation of the MM cell lines MM1.S and RPMI8226. These cell lines were selected based on the difference in their pathways of the myeloma progression: MM1.S cells have wild-type form of the tumor suppressor gene p53 [18] , whereas RPMI8226 cells harbor a mutant form of p53 [19] . Through serial dilution and measurement of cell viability with a CCK-8 kit, we showed that bendamustine inhibited the viability of MM1.S and RPMI8226 cells in a dose-dependent manner. The IC 50 of bendamustine at 48 h was 56.2 mM for MM1.S [ Fig. 1(A) ] and 241.6 mM for RPMI8226 [ Fig. 1(B) ], suggesting that wild-type p53 cells may be more sensitive to bendamustine. Following the same method, the inhibitory effects of everolimus were determined. The results showed that everolimus provided minimal levels of suppression of proliferation for both cell lines. After treatment with the maximal dose of everolimus (1000 nM) for 48 h, the proliferation of MM1.S and RPMI8226 cells was decreased by 58% and 32.1%, respectively [ Fig. 1(C,D) ]. This finding suggests that bendamustine can cause a dose-dependent inhibition of proliferation for both a p53-wild-type and a p53-mutant MM cell line with a variable level of sensitivity, but that everolimus cannot completely suppress the proliferation of these cells at the maximal dose tested.
Everolimus enhances the cytotoxicity of bendamustine against MM cell lines To determine whether a low dose of bendamustine could exert an enhanced effect in providing tumor cell cytotoxicity in the presence of everolimus, doses less than the IC 50 for bendamustine treatment were tested in combination with everolimus. To obtain a broader understanding of the effects of the drug combination, we measured cytotoxicity over a time-course of treatment. MM1.S cells were treated with bendamustine (0, 12.5, 25, and 50 mM) with or without 10 nM everolimus for 24, 36, and 48 h, followed by trypan blue staining to count cell viability. The results showed that everolimus could enhance bendamustine-induced death of MM1.S cells at all times and doses tested. Treatment with 50 mM bendamustine in combination with 10 nM everolimus showed the greatest effect, with 90% of the cells dead at 48 h [ Fig. 2(A) ]. Similarly, 100 nM everolimus increased the levels of cell death in RPMI8226 cells treated with 0, 62.5, 125, and 250 mM bendamustine at all times and doses tested. Treatment with 250 mM bendamustine in combination with 100 nM everolimus showed the greatest effect with 80% of cells dead at 48 h [ Fig. 2(B) ]. These results suggest that everolimus enhances cell death induced by bendamustine for both p53-wild-type and p53-mutant MM cell line.
The synergistic effects of bendamustine and everolimus occur at the level of cell proliferation suppression and cell death induction Effects on cell viability could results from inhibition of proliferation, induction of apoptosis, or a combination of the two. To determine whether the synergistic effect of bendamustine and everolimus are observed at the level of viability, we determined the CI following 48 h treatment of MM1.S cells with bendamustine (0 -400 mM) and everolimus (0 -100 nM), alone or in combination. The CI was , 0.9 at a range of doses, indicating a favorable synergistic suppressive effect of bendamustine and everolimus on the proliferation of MM1.S cells [ Fig. 3(A) ]. Using the same procedure, a synergistic suppressive effect of bendamustine (0-500 mM) and everolimus (0-250 nM) was shown on the proliferation of RPMI8226 cells [ Fig. 3(B) ]. Flow cytometry was used to determine the effect on apoptosis of bendamustine in combination with everolimus. MM1.S cells were treated for 48 h with everolimus (20 nM), bendamustine (20 mM), or the two drugs in combination, followed by double staining with Annexin-V/PI. Compared with control cells, treatment with everolimus alone and bendamustine alone induced about 30% and 20% apoptosis, respectively. However, combination treatment induced .90% apoptosis in MM1.S cells (Fig. 4) . Collectively, these results show that bendamustine and everolimus function synergistically to inhibit cell viability both by inhibiting cell proliferation and by inducing apoptosis.
Changes in expression of cell death signaling proteins after combination treatment with bendamustine and everolimus To explore the mechanisms underlying the combined effects of everolimus and bendamustine on MM cells, we treated MM1.S cells for 48 h with 20 nM everolimus and 20 mM bendamustine alone or in combination, and assessed the levels and activation of cell death signaling proteins. Caspase-3 degradation and downstream cleavage of PARP were assessed as markers of apoptosis. Our results showed that caspase-3 decreased and cleaved PARP significantly increased after combination treatment with both drugs as compared with either drug alone, suggesting that apoptosis following combination treatment is dependent on this pathway [ Fig. 5(A) ]. To further assess the effects of the drug combination on other apoptosis-related proteins, we assayed the expression of Bcl-2 and inhibitor of apoptosis proteins (IAPs) family proteins. Compared with treatment with bendamustine alone, Bax (a pro-apoptotic protein) was upregulated, while Mcl-1 (an anti-apoptotic protein) and survivin (a member of the IAP family) were markedly down-regulated [ Fig. 5(B) ].
To further determine signaling pathways affected by the combination of bendamustine and everolimus, the activation of the mTOR and p53 pathways was also assessed. Levels of two activation markers of the mTOR pathway, phosphorylated p70s6k (P-p70s6k), and phosphorylated 4EBP-1 (P-4EBP-1), were dramatically decreased after combination treatment, though no decrease was observed in the levels of total s6k [ Fig. 5(C) ]. Furthermore, treatment with the drug combination did not up-regulate the expression of the tumor suppressor p53 but markedly increased its activation by phosphorylation (P-p53). We also assessed the expression of the cyclin-dependent kinase inhibitor p21, which classically functions as a downstream transcriptional target of p53, but is also known to be inhibited translationally as a potential mechanism of drug sensitization. Interestingly, the expression p21 was decreased, rather than increased in the presence of bendamustine plus everolimus [ Fig. 5(D) ]. Everolimus enhances the cytotoxicity of bendamustine in primary MM cells To determine whether everolimus could enhance the cytotoxicity of bendamustine in primary MM cells or not, six patients with clinically proven MM were recruited. Mononuclear cells were isolated from 10 ml of bone marrow from each patient and the healthy control donor using lymphocyte separation medium, resulting in a population primarily composed of CD 3þ lymphocytes for the healthy donor and CD 138þ cells for the MM patients. The cell density was adjusted to 4 Â 10 5 cells/ml, and cells were divided into the following six groups: the control group (DMSO treatment), 10 nM everolimus, 10 mM bendamustine, 10 nM everolimus þ 10 mM bendamustine, 50 mM bendamustine, and 10 nM everolimus þ 50 mM bendamustine. The cells were treated for 48 h, after which they were collected, stained with Annexin-V/PI, and analyzed by flow cytometry. The results clearly demonstrate that everolimus enhances the cytotoxicity of bendamustine in primary MM cells. Everolimus enhanced cell death when combined with bendamustine, both at the 10 mM and 50 mM doses and for the MM cells from both the p53-wild-type patients and the p53-deleted patient ( Table 1) . Significantly less effect was observed for the control mononuclear cells from the healthy donor, suggesting a potential specificity for inhibiting MM-activated pathways.
Discussion
In this study, we assessed the combinatorial effects of bendamustine, a bifunctional alkylating agent, and everolimus, an mTOR inhibitor, for activating cell death pathways in MM cells. Our results showed that these two drugs synergistically suppressed the growth of MM cells, both for the p53-wild-type MM1.S cells and the p53 mutant RPMI8226 cells. For RPMI8226 cells, the IC 50 of bendamustine was higher than for MM1.S cells, suggesting that wild-type p53 MM cells may be more sensitive to bendamustine. The synergy between the two drugs was most obvious at low concentrations (Fig. 3) , suggesting a potential ability of the drug combination to allow the use of reduced therapeutic levels of drug treatment. Everolimus also enhanced the cytotoxicity of bendamustine in primary MM cells, including both p53-wild-type and p53-deleted primary MM cells. These findings provide a basis for the clinical application of bendamustine and everolimus for both p53-wild-type and p53-deleted MM. Previous studies have investigated the effects of bendamustine or everolimus alone on MM cells; however, we provide the first mechanistic analysis of the two drugs in combination. Annexin-V/PI staining suggests that cytotoxic effects of the drugs may be mediated mainly through apoptosis. To elucidate the pathways underlying the synergistic effect of bendamustine, we assessed the activation of a variety of proteins known to be involved in cell death pathways. Following combination treatment, caspase-3 and PARP were significantly cleaved, which provides a hallmark event in the activation of apoptosis for a variety of cellular systems.
We also assessed levels of the Bcl-2 family of proteins. The Bcl-2/Bax ratio determines cell survival upon stimulation by a variety of chemotherapy drugs [24] . Apoptosis is known to be induced when Bax increases and forms a homodimer, and inhibited when Bcl-2 increases and forms a Bcl-2-Bax heterodimer [25] . Bax homodimers can increase mitochondrial membrane permeability and leakage of cytochrome C into the cytoplasm, resulting in a caspasedependent apoptosis [26] . We demonstrated that the combination of bendamustine and everolimus increased the levels of Bax expression, which could also contribute to the increase in apoptotic cell death and caspase-3 cleavage induced by this combination of drugs.
Mcl-1 is an additional member of the Bcl-2 family that plays a critical role in preventing apoptosis. Its common down-regulation following chemotherapy drug treatment is associated with the cleavage of caspase-3 [27, 28] . We found that Mcl-1 expression was also significantly decreased by the combination of bendamustine and everolimus. In addition, IAPs also play important roles in suppressing apoptosis. Survivin is the most potent anti-apoptotic factor identified thus far and its anti-apoptotic activity is stronger than the members of the Bcl-2 family. At the cellular level, survivin may block caspase-3 and -7 to inhibit apoptosis [29] . Consistent with a role for survivin in the suppression of apoptosis during MM, we showed that the expression of survivin in MM cells was markedly decreased after combination treatment. The above findings indicated that Bax, Mcl-1, and survivin each are likely to play critical roles in the apoptosis induced by combination treatment of MM cells with bendamustine and everolimus.
mTOR is an effector of the PI3K/AKT signaling pathway and plays a key role in the regulation of multiple cellular functions, including proliferation, survival, apoptosis, migration, and angiogenesis [3] . p70s6k and 4EBP-1 are two downstream target proteins of the mTOR pathway. Activated p70s6k and 4EBP-1 can promote cell growth and proliferation by interfering with the initiation and extension of translation [3] . It was reported that everolimus enhances the cytotoxicity of cisplatin, an alternate alkylating agent, in liver cancer cells, through regulation of the expression of p-p70s6k and p-4EBP-1 [30] . Similarly, our study confirmed that everolimus can significantly down-regulate the expression of p-p70s6k and p-4EBP-1 when combined with bendamustine.
p53 is a tumor suppressor gene whose function is closely associated with the occurrence and development of cancers. p53 phosphorylation at serine 15 blocks its interaction with its inhibitor, murine double minute 2 (MDM2) [31] , leading to the p53-mediated expression of apoptosis-regulated proteins and suppression of cell cycle-related proteins [32, 33] . In the present study, monotreatment and combination treatment with bendamustine and everolimus did not markedly increase the expression of total p53, but the level of phosphorylated p53 was significantly increased after the combination treatment, suggesting a role for p53 pathway suppression in the synergy between the two drugs. p53 activation typically leads to the transcriptional up-regulation of the cell cycle kinase inhibitor p21, resulting in cell cycle arrest as a cytoprotective response. However, in our study, the activation of p53 upon combination treatment was associated with a decrease in p21, suggesting that p21 is inhibited by everolimus significantly in this model. Consistently, there is a basis for the inhibition of p21 translation following treatment with mTOR inhibitors as a mechanism for sensitizing tumor cells to DNA-damaged-induced apoptosis [34] . These results suggest a model whereby combination treatment can down-regulate the expression of p21, which promotes cell cycle progression in the absence of DNA repair. Once damaged DNA cannot be repaired, p53 may act as a checkpoint and directly induce apoptosis.
In summary, our results indicate that everolimus enhances the cytotoxicity of bendamustine both in wild-type p53 and Everolimus enhances bendamustine cytotoxicity in multiple myeloma mutant-p53 MM cells for cell lines and primary cells derived from MM patients. The synergistic effect of these two drugs involves a pathway of apoptosis activated by a variety of proteins associated with the regulation of pro-survival and proproliferation molecules. These findings provide a rationale for the use of mTOR inhibitors in combination with bendamustine as a promising strategy for the treatment of MM.
Funding
